ations in cell turnover are a key feature in several disdifficult to study, and our understanding of cell turneases, such as decreased erythrocyte production in over is limited. Testing of nuclear weapons resulted aplastic anemia or increased keratinocyte turnover in in a dramatic global increase in the levels of the isopsoriasis. Distorted cell turnover has been implicated tope 14 C in the atmosphere, followed by an exponenin the pathogenesis of many diseases, for example detial decrease after 1963. We show that the level of 14 The lack of methods to study cell turnover in man harsh environment, such as in the skin or intestine, are prompted us to develop a novel strategy to approach often very short lived. In other tissues there may be this issue. Inspired by 14 C-dating in archeology, we less cell turnover under physiological conditions, but sought to develop a way to retrospectively determine regeneration may be activated in response to injury. For the age of cells without the need for delivering any many cell types, however, it is largely unknown whether chemical to the individual prior to the analysis. 14 C they turn over at all once development is completed. levels on earth have remained relatively constant over Cell generation is often studied by analysis of moleclong time periods, and the radioactive decay of the isoular markers of proliferation. This provides a good view tope is used to retrospectively date biological material of the number of cells in cycle at a given time, but it in archeology. The resolution in modern time is poor does not provide insight into the number of mature cells due to a half-life of 5730 years. However, extensive that are generated or added to the tissue. Administraabove ground testing of nuclear weapons between the tion of labeled nucleotides such as 
14 C levels spanning the last decades in the geographical area of the study (Sweden) were measured in cellulose taken from annual growth rings of local pine trees (B), which were subjected to accelerator mass spectrometry, and were found to closely correspond to mid-latitude northern hemisphere 14 C levels (C). Only a fraction of representative measurements are displayed. 14 C levels from modern samples are by convention given in relation to a universal standard and corrected for radioactive decay, giving the ⌬ 14 C value (Stuiver and Polach, 1977) .
cause of radioactive decay, but due to diffusion and population. We dissected year rings from Swedish pine from 1962 to present, as well as several rings from the equilibration with the oceans and the biosphere ( Figure  1A ), resulting in a slope decreasing 50% approximately pre-bomb time. The 14 C content of each tree ring was measured by accelerator mass spectrometry. A tree every 11 years after 1963 (Levin and Kromer, 2004) .
We have taken advantage of the drastically altered ring is laid down annually and the cellulose is not changed thereafter, thus giving an accurate reflection atmospheric 14 C levels in modern times to develop a strategy to retrospectively birth date cells in the human of the 14 C levels in the atmosphere for a specific year. The levels in Sweden closely matched the mid-latitude body. We use this method to address whether cortical neurons are renewed in the adult human brain and find northern hemisphere levels (Figures 1B and 1C, Supplemental Table S1 ), in line with the rapid distribution that these neurons are as old as the person, arguing against adult neurogenesis in this region. This is a genof 14 C in the atmosphere. Since our local data closely corresponded to the extensive material of mid-latitude erally applicable strategy that can be used to analyze cell turnover in man under physiological and pathologinorthern hemisphere measurements collected in Germany (Levin and Kromer, 2004), we related all our folcal conditions. lowing analyses to these data. We next asked whether cells generated at different Results time points had 14 C levels in genomic DNA that correspond to the time they were generated. The sensitivity 14 C in Genomic DNA Reflects the Age of Cells 14 C in the atmosphere reacts with oxygen and forms of accelerator mass spectrometry is rapidly increasing, and 14 C levels can today accurately be established with CO 2 , which enters the biotope through photosynthesis. Our consumption of plants, and of animals that live off samples containing as little as 30 g carbon, which corresponds to genomic DNA from 15 million cells. It is plants, results in 14 C levels in the human body paralleling those in the atmosphere with a short lag for seacritical when extracting the genomic DNA for this application to keep contamination with non-DNA carbon sonal growing and harvest cycles (Harkness, 1972; Libby et al., 1964) .
sources to a minimum and not to introduce exogenous carbon that could be isolated with the DNA and thus Most molecules in a cell are in constant flux, with the unique exception of genomic DNA, which is not exskew the analysis. We therefore modified established DNA-extraction protocols to minimize the risk of carbon changed after a cell has gone through its last division. The level of 14 C integrated into genomic DNA should contamination (see Experimental Procedures). DNA samples were analyzed for purity in several ways; in addithus reflect the level in the atmosphere at any given time point, and we hypothesized that determination of tion to spectrophotometric analysis, the contents of all samples were analyzed by HPLC and the amount of 14 C levels in genomic DNA could be used to retrospectively establish the birth date of cells in the human total carbon ( 12 C, 13 C, and 14 C) was determined during graphite preparation for isotope analysis by accelerator body. Atmospheric 14 C levels have been monitored over mass spectrometry. The knowledge of the amount of DNA (with a known proportion of the mass accounted time at several locations. As there may be some local variation in 14 C levels in different geographical regions, for by carbon) and total carbon in each sample allows very sensitive detection of carbon contamination, irrewe first established the atmospheric levels of 14 C in recent years in the geographical region of the studied spective of the source, and any sample in which the total carbon content was higher than calculated from and a high degree of reproducibility between individuals (Table 1) . the amount of DNA was excluded from further analysis.
Depletion of hematopoietic stem and progenitor cells An average cell age slightly younger than the individual, as seen for cerebellum, could reflect that the generby irradiation results in the rapid loss of leukocytes, demonstrating their short life span. We analyzed 14 C ation of cells continued for a short time postnatally and then stopped, or that most cells were generated before levels in DNA from nucleated blood cells, representing a population of cells known to be newborn. The meabirth but a subpopulation of cells turned over in adulthood. These two possibilities can be distinguished by sured 14 C values were compared to the recorded atmospheric levels to establish at which time point they coranalyzing tissue from individuals born before the nuclear bomb tests, as schematically depicted in Figresponded . The strategy to establish the age of a cell population by relating 14 C concentrations in genomic ure 4A. The strategy to birth date cells builds on the steep slope of 14 C decline in the atmosphere after the DNA to atmospheric levels is schematically depicted in Figures 2A and 2B . The levels of 14 C in leukocyte DNA nuclear bomb tests, and the resolution in time before the bomb tests is very poor. However, the low levels of did indeed correspond to the contemporary atmospheric levels at the time when the sample was taken 14 C before the bomb pulse makes the detection of a small population of cells born during or after the bomb ( Figures 2C and 2D Fluorescence-activated cell sorting (FACS) using anlittle cell replacement in the cerebral cortex and ceretibodies against specific cell-surface epitopes is combellum. All tissues contain blood, but nucleated cells monly used to purify distinct cell types. However, the only account for about 1/1000 of cells in peripheral complex morphology of neurons makes it difficult to blood, and their effect on the average age of cells in an isolate intact cells from brain tissue. This, together with organ will be negligible.
14 C birth dating revealed that the lack of pan-neuronal cell surface proteins, prompted the average age of cells in the intestine (jejunum) is us to modify this strategy and instead sort cell nuclei. 10.7 ± 3.6 years (mean ± SD from three individuals of Nuclei were first isolated from dissociated tissue and average age 34.8 years; Figure 3) . We quantified the then incubated with directly conjugated antibodies to proportion of epithelial cells to other cells in histologiNeuN ( Figures 5A-5F ), a well-established neuron-specal sections of jejunum and found that in average cific epitope mainly localized to the nucleus (Mullen et 42% ± 3% (n = 5 individuals) of all cells in the specimen al., 1992). This enabled FACS isolation of neuronal nuwere epithelial. Assuming that all epithelial cells are clei with high specificity ( Figures 5G and 5H ). Re-analycontemporary, the average age of the nonepithelial sis of sorted nuclei revealed that we could obtain >99% cells is 15.9 years. Measurement of the level of 14 C in neuronal nuclei. DNA from intercostal skeletal muscle from two individ-A significant advantage of the method to sort nuclei, uals (37 and 38 years old) indicated an average age of rather than whole cells, is that the nuclear sorting is 15.1 years.
less sensitive to post-biopsy or post-mortem interval The average age of cells in the gray matter of the and, most importantly, works equally well on fresh tiscerebellum was almost as old as the individual (born at sue and frozen archival material. This makes it possible the age of 2.9 ± 1.2 years, Table 1 We therefore set out to retrospectively determine the age of neurons in the adult human occipital cortex, to establish whether there is any appreciable addition of neurons in this brain region postnatally.
14 C levels in unsorted total occipital cortex showed an average age substantially younger than the individual, pointing to cell turnover (Figures 3 and 6 ). To specifically analyze the age of neurons and nonneuronal cells, we isolated NeuN-positive and -negative cells by flow cytometry. 14 C levels in NeuN-positive neurons from individuals born after the bomb pulse demonstrated levels corresponding to the average age of the cells being as old as the individual (Figures 6A and 6B) . We can currently establish the age of a cell population with a precision of ±2 years, and the time of birth of the individual was within this error margin in all measurements of NeuNpositive neurons from occipital cortex. The NeuN-negative cells, which are mainly glial cells, were substantially younger ( Figures 6A and 6B ). We additionally analyzed cells from individuals born before the bomb pulse, which provides a very sensitive measure of postnatal cell turnover. The 14 C levels in genomic DNA from NeuN-positive neurons corresponded to those in the atmosphere prior to the nuclear bomb tests ( Figures 6C  and 6D ), which suggests that adult neurogenesis does not occur in this region.
Discussion
Cell turnover may be necessary under physiological or pathological conditions to maintain certain organs, yet our knowledge regarding this process in most human tissues is scarce due to a lack of means to study this process. We describe here a general strategy to study cell renewal in man. The dramatic increase in atmospheric 14 C levels and the subsequent exponential decline have resulted in different amounts of 14 C being integrated into the DNA of cells depending on the time point the DNA was synthesized. We all therefore have a date-mark in our DNA, and we show here that this can be used to establish the age of cells.
DNA as a Time Capsule
Most molecules in a cell are in constant flux, and DNA is likely to be the most stable molecule after a cell has undergone its last mitosis. It is important to consider Accelerator mass spectrometer analysis of genomic DNA from cerebelli from individuals born after ( tions of new cells and may also provide information as Another source of carbon exchange in the genome is to when in time a cell population is generated. The demethylation, which constitutes an important mechatection limit, when comparing time points with the nism in transcriptional regulation (Bird, 2002). Methylalargest difference in 14 C levels with the current sensitivtion is restricted to cytosine residues 5# to guanosine ity of accelerator mass spectrometry, is about 1% newin CpG stretches, and the degree of methylation varies born cells within a population of old cells. in different organs between 0.7%-1% of nucleotides in
The current method provides an average age for a DNA (Ehrlich, 1982). Even if all methyl groups were concell population. The sensitivity of accelerator mass temporary, addition of one carbon atom by methylation spectrometry is increasing rapidly, making it likely that of 1% of nucleotides (which contain in average 9.75 successively smaller populations can be analyzed in carbon atoms) could maximally skew the analysis by the future. Single-cell resolution will, however, never about 1‰ and is thus negligible. become possible since there is only one 14 C atom in the DNA of less than every 15 th cell (6.4 × 10 10 carbon Sensitivity of Retrospective Birth Dating atoms in nucleotides of the human genome and 1 out How many cells have to be generated postnatally for of 10 12 C is 14 C). turnover to be detected? The resolution in time and
The current analysis provides a qualitatively different number of cells depends on when the person was born type of information than with 3 H-thymidine and BrdU in in relation to when the new cells were generated. In an experimental animals. Labeled nucleotides are given in individual born just before the nuclear bomb tests, the a short pulse, and analysis of labeled cells at different relative difference in 14 C concentration is highest betime points provides information at the single-cell level tween the time of birth and the period of and just after about newly generated cells of a certain phenotype. the nuclear tests and drops thereafter. The sensitivity Since the labeled nucleotide is given as a pulse, it is for detecting cell generation is therefore highest for the difficult to detect rare events as well as to gain a view childhood period. A person born 20 years before the of the proportion of cells that are exchanged over a longer time period. The current method is unique in that bomb pulse will instead have the largest relative differ- The cerebral cortex spans a large area, and although to 3.65% of the cells, which is easily detected with the structurally similar, different cortical areas have distinct current methodology.
functions. We selected to study the occipital cortex Atmospheric levels of 14 C rapidly equalized around since the strongest evidence, from a technical point of the globe after the nuclear bomb tests, making the view, for neurogenesis in animals under physiological method generally applicable in different countries.
14 C conditions has been reported from this area (Kaplan, levels may, however, be slightly lower in extremely pol-1981). Our analysis revealed that neurons from the adult luted industrialized regions due to excessive burning of human occipital cortex have 14 C levels in their genomic 14 C-depleted fossil fuels such as coal, oil, and natural DNA corresponding to the time when the individual was gas ( with the current sensitivity of accelerator mass spectrometry. The amount of tissue that is required for an analysis varies from region Flow Cytometry to region, depending upon region-specific cell densities. Neuronal nuclei were isolated by FACS of nuclei labeled with the neuron-specific monoclonal antibody NeuN. NeuN antibodies were directly conjugated with Zenon mouse IgG labeling reagent (Alexa Accelerator Mass Spectrometry All accelerator mass spectrometry analyses were performed blind 488, Molecular Probes) as follows: 10 l of Alexa 488 conjugate was added to 100 l blocking mix (PBS/0.5% BSA/10% NGS) and to age and origin of the sample. Purified DNA samples suspended in water and whole-tissue samples were transferred to quartz com-300 l NeuN mix (6 l NeuN in 1.5 ml PBS) and incubated for 5 min at room temperature (RT). 
